Performance Analysis of Pulse Analog Control Schemes, predominantly Pulse-Width Modulation (PWM) and Pulse-Position Modulation (PPM) for LLC resonant DC/DC converter suitable in portable applications is addressed in this paper. The analysis is done for closed loop performance, frequency domain performance, primary and secondary side conduction losses and soft commutation using PSIM 6.0 software and observed that PPM scheme provides better performance at high input voltage with a good selectivity of frequency over a wide range of line and load variations. The performance of LLC resonant DC/DC converter is demonstrated using PPM scheme for a design specifications of 12 V, 5 A output.
Introduction
Switch-mode Pulse Width Modulated (PWM) and Voltage Controlled Oscillator (VCO) based frequency modulated power converters are commonly used in portable devices to maximize battery life as they provide high efficiency in step-down applications. The benefits of PWM converters over the latter converters are its simple design of filter circuitry that suppresses Electromagnetic Interference (EMI). They also provide high efficiency during moderate to high-load conditions with low output ripple characteristics. However, PWM converters suffer from poor conversion efficiency at standby or light-load conditions. At this juncture, frequency modulated converters offer a solution for the cited problem. & C p2 parallel capacitors connected across the MOSFETS Inherently, these converters have a variable frequency operation and hence it is difficult to use this type of architecture in portable products with sensitive audio or radio frequency subsystems. However, these converters offer significant performance improvement in certain applications. The improvements being better low-power conversion efficiency, simple converter topologies and lower total solution cost. So frequency modulated converters can even be used in some relatively noise sensitive environments as they offer narrow bandwidth operation under the operating constraints of a typical battery-operated system. At this juncture, a LLC resonant DC/DC converter with a new control scheme called PPM scheme is proposed (Zhao et al., 2009; Foster et al., 2008; Xie et al., 2007; Bingham et al., 2008; Utsab and Sensarma, 2016) . LLC resonant DC/DC converter is a favorable converter used for portable applications compared to other load resonant converters as they provide Zero-Voltage Switching (ZVS) for primary side switches and ZeroCurrent Switching (ZCS) for secondary side rectifiers (Chaohui et al., 2015; Choi, 2015; Yang et al., 2002) for a wider load range.
Nomenclature

List of symbols
Switch-mode PWM and VCO based frequency modulation control schemes are very much implemented on LLC Resonant DC/DC converters suitable in portable applications (Fang et al., 2012; Oeder, 2010; Kim et al., 2010; Weiyi et al., 2013; Wu et al., 2013; Bin et al., 2013; Fariborz et al., 2014; Fu et al., 2013) . In this paper, a new control scheme called PPM scheme is proposed for LLC resonant DC/DC converter that gives improved efficiency and power density. An emphasis of frequency modulated PPM scheme is carried out on LLC resonant DC/DC converter and its performance is analyzed and compared with conventional PWM scheme by simulation using PSIM 6.0 software. The analysis includes closed loop performance, frequency domain performance, primary and secondary side conduction losses and soft commutation. The performance of LLC resonant DC/DC converter is demonstrated using PPM scheme for a design specifications of 12 V, 5 A output operating with an input voltage range of 300-400 V using FSFR 2100 IC of Texas Instruments. 
LLC resonant DC/DC converter and its DC operating characteristics
The circuit diagram of LLC resonant DC/DC converter in open loop configuration with L m as magnetizing inductance, L r as series resonant inductor and C r as resonant capacitor is represented in Fig. 1 .
Due to the occurrence of approximate sinusoidal resonant voltages and currents in the converter, the circuit is analyzed with Fundamental Harmonics Approximation (FHA) approach (Li and Bhat, 2014) . Therefore, for the design of the converter, FHA with maximum gain adjustment is carried out and the voltage gain M is obtained as (Fang et al., 2012; Oeder, 2010 )
where
In the above equation, R 0 is the equivalent value of load resistance, f 0 and f p are the two resonant frequencies. On considering Eq. (1), the DC operating characteristics of LLC resonant DC/DC converter are obtained for different values of quality factors (Q) and are depicted in Fig. 2 using MATLAB 10.0 software tool. Fig. 2 represents the graph between DC gain (M) and normalized frequency f n (taken as the ratio of switching frequency to resonant frequency) for different values of quality factors Q.
The inferences drawn from the above DC operating characteristics are
• Maximum gain varies with the variations of load • Applicable either for buck or boost type • Regulation is effective around resonant frequency • Operating zone can be divided as Zero Current Switching (ZCS) and Zero Voltage Switching (ZVS).
Generally, ZVS is preferred for LLC resonant DC/DC converters as MOSFETs are used as primary switches. ZVS operation can be achieved, if the operating frequency range is between the frequencies f p and f 0 .
Design of LLC resonant DC/DC converter in open and closed loop configurations
In this next section, design of LLC resonant DC/DC converter is discussed both in open loop and closed loop configurations. 
LLC resonant DC/DC converter in open loop configuration
The design specifications of LLC resonant DC/DC converter used for portable applications are shown in Table 1 . Based on the DC characteristics depicted in Fig. 2 , the resonant tank parameters and transformer turns ratio (n) were designed to optimize the performance at high input. The transformer turns ratio is calculated as 18:1 with the formula n = V in /(2 × V 0 ) for Half Bridge LLC resonant DC/DC converter. After finding the turns ratio, the final resonant network parameter values were designed and tabulated in Table 2 on referring to the design procedures given in Yang et al. (2002) .
Design of LLC resonant DC/DC converter in closed loop configuration with pulse analog control schemes
With the designed values of LLC resonant DC/DC converter, the closed loop configuration with Pulse Analog Control Schemes like PPM and PWM are designed and presented with PSIM 6.0 software tool. In both the control schemes, the two MOSFETs of half bridge inverter are gated by a square pulse with a dead time of 370 ns which is provided by dead time circuit to avoid the cross conduction of two MOSFET switches. Fig. 3 shows the simulation circuit diagram of LLC resonant DC/DC converter with PPM control scheme in closed loop configuration. Referring to Fig. 3 , PPM scheme/converter consists of a differentiator, rectifier and a monostable multivibrator. A pulse, with a dead time of 370 ns, is generated at the output of this multivibrator. The input to differentiator is a PWM waveform. In PPM, the position of a pulse relative to its unmodulated time of occurrence is varied in accordance with the message signal, i.e. the sensed output. If a PWM signal is differentiated then a pulse train is obtained. It consists of both positive and negative going narrow pulses corresponding to the leading and trailing edges of pulses respectively. If the position corresponding to the trailing edge of an unmodulated pulse is counted as zero displacement then the other trailing edges will arrive earlier or later. Thus these pulses will have time displacement proportional to the instantaneous value of sensed output signal voltage. Thus a change in output voltage is controlled by controlling the position of occurrence of gate pulse. Fig. 4 shows the simulation circuit diagram of LLC resonant DC/DC converter with PWM control scheme in closed loop configuration. With reference to Fig. 4 , the output of LLC resonant converter is sensed and compared with the reference voltage of 12 V, which gives the error signal. Proportional and Integral controller is implemented on this error signal leading to the gate pulses required for two MOSFET switches based on the operating condition of the converter. The Proportional and Integral controller (PI) parameters are designed using Ziegler-Nichols Rules of Tuning PID Controllers (Benjamin, 2003; Katsuhiko, 2011) in both the control schemes. PID tuning is purely based on the transient response characteristics of a given plant. Thus in PWM control scheme, the clock frequency of driving gate signal is fixed and its pulse width is adjusted based on operating conditions.
PWM scheme
Analysis and comparison between PPM and PWM control schemes
To maximize battery life, PWM, Frequency Modulated power converters are commonly used in portable devices. They provide high efficiency in step-down applications. Here, PPM power converter performance is discussed over the PWM control scheme and proved that this converter provides better performance at high input voltage. The control schemes as shown in section 3 are simulated for a total time of 0.1 s and their performance is analyzed for closed loop configuration, frequency domain performance, primary and secondary side conduction losses and soft commutation. 
Closed loop performance
Closed loop performance of LLC resonant DC/DC converter with PPM and PWM control schemes could be analyzed on full-load and no-load regulations. Fig. 5 represents the simulated output voltage of LLC resonant DC/DC converter on full-load with PPM and PWM control schemes respectively.
Full-load regulation
It is clear from Fig. 5 that the transient response is good in PPM scheme compared to PWM in spite of being regulating the output voltage on Full-load for both the schemes. Fig. 6 represents the simulated output voltage of LLC resonant DC/DC converter on no-load with PPM and PWM control schemes respectively.
No-load regulation
PPM scheme provides no-load regulation at 12 V with good transient response. But PWM scheme is providing no-load regulation at 16.0 V, which is a high value for practical purposes. Therefore, PWM scheme suffer from very poor conversion efficiency at light-load or standby conditions as observed from Fig. 6(b) . 
Frequency domain performance
Frequency domain performance is carried out for LLC resonant DC/DC converter with AC sweep analysis for both PPM and PWM using PSIM 6.0 software tool. Fig. 7 shows the magnitude and phase plots (bode plots) of LLC resonant DC/DC converter.
From Fig. 7 , the frequency domain specifications like gain margin (G.M), phase margin (P.M), gain cross over frequency (Wgc) and phase cross over frequency (Wpc) are found (Benjamin, 2003; Katsuhiko, 2011) and tabulated in Table 3 .
On observing Table 3 , it is very much clear that PPM control scheme provides less gain margin with more bandwidth for the converter compared to PWM i.e. it provides wide input voltage range for the converter. But this scheme is having relatively high P.M compared to PWM scheme and this drawback can be overcome by choosing proper compensator for the converter. 
Conduction loss
Conduction loss on a single MOSFET switch and on a single diode is calculated for both the control schemes is provided in this section. Fig. 8 represents the simulated waveforms of primary side inductor currents i Lm , i Lr and drain to source voltage of MOSFET 2 V DS2 in respective amperes and volts for both the control schemes.
Primary side conduction loss
The summary of primary side currents and the corresponding switch conduction loss (P Sconduction ) and switching loss (P switching ) for a single MOSFET switch at the worst operating condition of low input voltage V in = 300 V are tabulated in Table 4 for both the control schemes.
The conduction loss given in Table 4 is calculated with the formula
where D = duty cycle, i Lrrms = resonant tank current and R DSON = on state drain to source resistance of MOSFET which is taken as 0.48 . ZVS can be achieved for both the control schemes with the energy stored in the resonant tank. So with the proper design of resonant tank and dead time, the MOSFETs turn on resonantly (full ZVS) as shown in Fig. 10 . Therefore, turn-off loss contributes switching loss for the LLC resonant converter. Turn-off loss can be approximated by:
i Lm = switch turn off current The following observations are made from Table 4 .
• Duty cycle is least for PPM control scheme leading to less conduction loss.
• Switching losses are less for PPM control schemes.
• Total losses calculated for a single MOSFET on Primary side is less for PPM control scheme. 
Secondary side conduction loss
Worst operating condition for secondary side diodes is under full-load due to highest Root Mean Square (RMS) current and this condition exists when lowest input voltage (V in = 300 V) is supplied to the converter. Fig. 9 represents the current through both the diodes on secondary side in amperes for both the control schemes.
By witnessing Fig. 9 for both the control schemes, the summary of secondary side diode current and the corresponding diode conduction loss (P Dconduction ) for a single diode switch is found and tabulated in Table 5 .
On realizing each of diode carrying half the corresponding output current, the conduction loss for a single rectifier diode given in Table 5 and is calculated from the formula
where I D = average diode current and V fD1 = forward voltage drop in volts taken as a reasonable value of 0.35 V for schottkey diodes. The following observations are made from Fig. 9 and Table 5 . Table 5 Summary of secondary side diode currents and the corresponding conduction loss for both the control schemes.
PPM PWM
I D (average diode current) in amps 6.54 9.72 P Dconduction for single diode in watts 1.14 1.70
• Discontinuity observed less in PPM • Less diode conduction loss is observed for PPM.
Soft commutation
A designed capacitor with a value of 80 pF (C p1 and C p2 ) are connected in parallel to MOSFETS of both the control schemes to support soft switching (ZVS). This is illustrated with the help of Fig. 10 for both the control schemes which represents the simulated waveforms of current through the switch S 2 (I S2 ) and drain to source voltage of switch S 2 (V DS2 ) in respective amperes and volts for LLC resonant converter.
Referring to Fig. 10 , it is clear that the resonant tank allows only sinusoidal current to flow through it even though a square wave voltage is applied to it. Due to this oscillating nature of current, the overlapping region between current and voltage is reduced compared to conventional hard-switched PWM converters. So circulating energy is reduced and resonant switching is resulted into the soft switching of the converter. More precisely, it is clear that the MOSFETs are turned on with ZVS and is achieved with magnetizing current i Lm but not with load current and thus the ZVS can be realized even with no-load. It is clear from Fig. 10 , that both the control schemes PPM and PWM undergo soft commutation.
The summary made with the performance analysis carried out on LLC Resonant DC/DC Converter with Pulse Analog control schemes are summarized in Table 6 .
Therefore, from Table 6 it is clear that PPM scheme is the best suitable scheme between the two control schemes. For practical applications in portable products an IC traded as FSFR2100 of Texas Instruments is chosen as the power PPM control scheme is observed with least Discontinuity for diode current on secondary.
PPM control scheme is observed with least discontinuity Secondary side diode conduction loss PPM control scheme is observed with least Soft commutation Both PPM and PWM control schemes undergo soft commutation due to the presence of resonant tank and C p1 and C p2 .
switch for the converter. Now, the PPM control scheme for LLC Resonant DC/DC converter is evaluated experimentally and the results are verified with the simulated results. Fig. 11 shows the experimental set up of LLC resonant DC/DC converter for a maximum power of 60 W. In the experimental set up, FSFR 2100 IC of Texas Instruments is used in half-bridge inverter circuit. FSFR2100 IC provides frequency modulation based on load and line variations so as to regulate the output voltage of the converter. Schottky diodes are used in half-bridge rectifier circuit. High frequency capacitors with low equivalent series resistance (ESR) are used for practical design both on main input and output buses. The integrated transformer is implemented with EER 3542 core having sectional bobbin with a turns ratio of n = 18:1. Litz wire is wounded to get the number of turns of integrated transformer. The integrated transformer is built so that the leakage inductance provides a series inductor (L r ) and the magnetizing inductance provides a shunt inductor (L m ) for the converter (Iqbal et al., 2015; Maurya et al., 2014; Lee et al., 2013) . To improve the performance of designed PPM converter, all high-frequency and high-current paths on Printed Circuit Board (PCB) are made wide and short. The switching frequency range is tuned between 60 kHz and 100 kHz covering all modes of operation for the converter with load resistance being varied from 2.5 to infinite. The prototype is tested under different loads (0-5 A DC) and input voltage conditions (300-400 V DC) and the results are discussed as follows.
Experimental verification
Figs. 12 and 13 show the experimental results under no-load and full-load when the input voltage being 400 V and 300 V. For measuring drain to source voltage (V DS2 ) as shown in Figs. 12(a) and 13(a) the probe of CRO is connected with ×10 multiplier. The full-load condition waveform, which is the worst situation result as shown in Fig. 13(a) is justified with the simulated results shown in Fig. 8(a) . The switching current I S2 i.e. the current through MOSFET 2 is sensed through CS pin of FSFR2100 IC with 2 W R sensing resistor (R 8 ) as given in Appendix, which is the PCB layout of LLC resonant DC/DC converter. These switching currents under no-load and full-load conditions are given in Figs. 12(a) and 13(a) as channel 2 waveforms of CRO. From these current waveforms it is clear that on no-load the current sensed is negligible, whereas on full-load a reasonable current of 0.1 A is sensed.
Referring to Wu et al. (2013) , the power MOSFETs are switched ON and OFF without any ringing, by selecting proper values for C p , maximum switching frequency and dead-time. This fact is illustrated in Fig. 12(a) . Usually, C p is connected in parallel to drain and source terminals of power MOSFETs.
In Fig. 13(a) , drain-source voltage rise and fall times are smaller than that of necessary dead time [as seen Fig. 12(a) ]. It is due to the higher values of the drain-source current under the full-load condition at turn ON and OFF times. The experimental results and the simulated results for PPM control scheme is given in Table 7 .
In the experimental results as mentioned in Table 7 , the switching frequency is different for both no-load and full-load conditions. In the setup, the modulation of frequency is done by FSFR 2100IC, which is enabled through an isolation opto-coupler based on load/line variations to regulate output voltage during hold up time. Figs. 12(a) and 13(a) give the experimental result of output voltage V 0 on no-load and full-load conditions and these results can be matched with simulation result shown in Figs. 5(a) and 6(a). Fig. 14 represents a flat efficiency curve at V in = 400 V and V in = 300 V for different load conditions. An efficiency of 94% is observed at full-load condition. From Fig. 14 , it is clear that under light loads, the efficiency is reduced, due to the increase of switching frequency and reactive power, occurred in the constant output voltage applications of the LLC resonant DC/DC converter.
Conclusions
Performance Analysis of Pulse Analog Control Schemes, predominantly Pulse-Width Modulation (PWM) and Pulse-Position Modulation (PPM) for LLC resonant DC/DC converter suitable in Portable Applications are carried out using PSIM 6.0 software. It is observed that PPM scheme provides better performance at high input voltage with a good selectivity of frequency over a wide range of line and load variations. The performance of LLC resonant DC/DC converter is demonstrated using PPM scheme for a design specifications of 12 V, 5 A output operating with an input voltage range of 300-400 V using FSFR 2100 IC of Texas Instruments. The power conversion integration that is suitable for high-frequency and high-voltage power-conversion is implemented by an integrated SOI HB power MOSFET module using this FSFR 2100 IC. This integration greatly simplifies the design leading to the significant benefits in terms of prototyping time and PCB size. Maximum load current of 5 A DC and maximum efficiency of 94% has been achieved practically. In practice, a power factor correction (PFC) unit is used to provide input to the converter, so small variations of operating frequency is enough to compensate load and line variations.
